The aim of this study was to elucidate the effects of climatic conditions in three grape-growing regions on 'Koshu' (Vitis vinifera) grape composition over a four-year period from 2004 to 2007. Total solar radiation was the highest in Kofu and the total soluble solids (TSS) concentration of grapes grown in this region was higher than those of grapes grown in the other two regions. Katsunuma showed a large difference between average maximum and minimum air temperatures, and anthocyanin concentration in grape skin was the highest. In addition, grape juice had high total phenolics (TP) concentration. Nirasaki had the highest elevation of the three regions tested. Because of this, the maturity of grape berries grown in the Nirasaki vineyard was delayed by a couple of weeks compared to that of grape berries grown in Kofu vineyard. Yeast assimilable nitrogen (YAN) content in grape juice might be not affected by climatic conditions in each growing region. A strong correlation was noted between total solar radiation in August (10 to 13 weeks post-flowering; WPF) and 'Koshu' grape composition compared with other climatic conditions, such as rainfall, average air temperature, and the difference between maximum and minimum air temperatures. Moreover, the correlation coefficients between average air temperature and the grape composition in August were also higher than those 14 to 17 WPF (September) and 18 to 20 WPF (October). Thus, climatic conditions in August influenced 'Koshu' grape composition. These findings are expected to greatly contribute to the selection of suitable cultivation regions for 'Koshu' grape and the improvement of 'Koshu' wine quality.
Introduction
'Koshu' (Vitis vinifera) is an indigenous grape cultivar that has been grown for more than a thousand years in Japan (Goto-Yamamoto, 2000) . High-quality white wines typical of Japanese wine are made from 'Koshu' grapes. 'Koshu' grapes have certain characteristics that differ from those of European grapes (V. vinifera L.) generally used for winemaking. Fresh berry weight of 'Koshu' grapes at the time of harvest is more than twice those of 'Chardonnay' and 'Sauvignon blanc,' and the grape skin becomes light purple with maturation. Moreover, 'Koshu' grape juice has higher total phenolics (TP) concentration than juice from other white grape cultivars, and wine made from 'Koshu' grapes also has higher TP concentration than white wine made from other European grape cultivars. In particular, 'Koshu' wine contains high caftaric and coutaric acid concentrations compared with other white wines (Okamura and Watanabe, 1981) . In addition, the high concentrations of non-flavonoid compounds, called cinnamic acids, such as caftaric and coutaric acids, are considered to affect the taste of 'Koshu' wine (Yokotsuka, 1995) .
Indices such as total soluble solids (TSS), titratable acidity (TA), and pH are universally used as ripeness criteria for wine grapes (Coombe, 1992; Coombe et al., 1980) . Yeast assimilable nitrogen (YAN) is essential for wine yeast during alcoholic fermentation as the growth factor to prevent stuck fermentation (Butzke, 1998; Dubois et al., 1996) ; however, these indices are affected by annual weather conditions. Thus, the climate in grapegrowing regions is considered to be a critical factor affecting grape and wine quality and style (Falcettii, 1994) . In European and American grapes, analyses of the relationships between climatic conditions and berry 256 compositions have been carried out for not only traditional grape cultivars, such as 'Cabernet Sauvignon,' 'Merlot,' and 'Cabernet Franc,' but also Vitis labruscana Bailey (Keller et al., 2004) , 'Palomino' (Palacios et al., 1997) , and 'Tempranillo,' which are cultivars indigenous to Spain (Pérez-Hugalde et al., 2004) . In Japan, 'Koshu' grapes for winemaking are cultivated in many regions with various climatic conditions; however, there are very few reports on the relationship between grape composition and climatic conditions in various cultivation regions in Japan (Yokotsuka, 2006) . The relationship between 'Koshu' grape characteristics, except sugar and organic acid concentrations, and the climatic conditions in each region has not been clarified despite the fact that grape composition is vital to Japanese winemaking.
Yamanashi Prefecture accounts for more than 90% of 'Koshu' grape production in Japan. 'Koshu' grapes are cultivated in three main regions (Kofu, Katsunuma, and Nirasaki) with different climatic conditions. 'Koshu' grapes cultivated in these three regions are presumed to show certain differences in fresh berry weight, color intensity, external appearance of clusters, and flavor. In this study, we investigated the characteristics of 'Koshu' grapes cultivated in the three regions and analyzed the relationships between 'Koshu' grape composition and climatic conditions.
Materials and Methods

Tested regions
Kofu is located in the center of the Kofu basin and is one of the hottest regions in summer in Japan (Fig. 1A) . Katsunuma is located on the slope of the Kofu basin and is one of the most famous winemaking regions in Japan. Nirasaki is located in one of the highest elevation areas of the 'Koshu' grape-growing region in Yamanashi Prefecture. These three regions are famous 'Koshu' grape-growing regions.
Pretreatments for experimental design
In our preliminary experiments, we compared grape composition in three vineyards in each of the three main 'Koshu' grape-growing regions (Kofu: latitude, 35°40'0''N; longitude, 138°33'2''E; elevation, 273 m; Katsunuma: latitude, 35°39'8''N; longitude, 138°43'52''E; elevation, 394 m; and Nirasaki: latitude, 35°41'6''N; longitude, 138°22'9''E; elevation, 540 m) that have different elevations and/or soil compositions (3 vineyards × 3 regions). The results indicated that the differences in 'Koshu' grape composition among vineyards in the same region were minimal compared to those among vineyards in different 'Koshu' grapegrowing regions (data not shown). Moreover, the differences in grape composition seemed to be influenced by the soil composition ratios. Consequently, in this study, to examine only the effects of climatic conditions on the characteristics of 'Koshu' grapes, we selected three vineyards that are located in different grapegrowing regions but have similar soil texture (Fig. 1) .
Analysis of soil texture
The soil samples were collected approximately 60 cm from the surface near the main trunk in spring 2004. Briefly, the soil composition ratio (sand, silt, and clay) was measured in several vineyards by the pipette method (mechanical analysis), and soil texture was classified as medium texture according to the Food and Agriculture Organization of the United Nations soil texture classification. In addition, chemical analysis of the soil was performed according to the manufacturer's instructions (Eisai Seikaken, Japan). pH was measured by the glass electrode method. Ammonium-nitrogen concentration was detected by indophenol blue absorptiometry. Nitratenitrogen concentration was determined from the coupling reaction with sulphalinamide and N-(1-naphthyl)-ethylenediamine using flow injection analysis.
Cultivation treatments and experimental conditions
The grapevines were approximately 30 years old, and shelf-style cultivation (overhead trellis) using 3309-Couderc rootstocks was employed in all vineyards. The average yield of each vineyard was adjusted to 300 clusters per grapevine. Similar cultivation practices were adopted for the three vineyards during the grape-growing period. The flowering phase of 'Koshu' grapes grown in Kofu, Katsunuma, and Nirasaki is similar, i.e., late May, and véraison (initiation of ripening) starts at 10 weeks post-flowering (WPF) in all regions.
Climatic information
Climatic information for each region from May to October, 2004 to 2007, including total solar radiation, total rainfall, average air temperature, and differences between average maximum and minimum air temperatures, was extracted as described on the website of the Japan Meteorological Agency (http://www.data.jma. go.jp/obd/stats/etrn/select/prefecture), according to which, solar radiation, rainfall, and air temperature are recorded with a rotary solarimeter, the trapping bucket method, and a platinum resistance thermometer, respectively. These meteorological data are acquired from approximately 1300 meteorological observation stations in Japan and the system is called the "automated meteorological data acquisition system".
Analysis of grape characteristics
Thirty to 35 fresh berries per cluster were randomly sampled from three clusters that were approximately 1 m away from the main trunk, weekly from 10 WPF (véraison) to 20 WPF (later half of the harvest) over a four-year period from 2004 to 2007, and the weight of 100 berries was measured. The berries were pressed to 60% of the total weight using a micropress (Quick juicer, Chibakogyo, Japan). TSS concentration in juice was measured with a refractometer (Pocket PaL-1, Atago, Japan) and expressed as Brix. pH of the juice was measured with a pH meter (MH-60S, Toakogyo, Japan). TA concentration in juice was determined by neutralization titration with 0.1 N NaOH to pH 7.0 of 10 mL juice diluted with 10 mL of distilled water, and expressed as g tartaric acid·L −1 . YAN concentration in juice was determined by the formol method (Zoecklein, 1995) . TP concentration in juice was determined by the FolinCiocalteau method (Singleton and Rossi, 1965) . OD 765 value was measured with a spectrometer (UV-1800, Shimadzu, Japan) and expressed as gallic acid concentration. Total anthocyanin concentration in the skin was determined with the method based on Ribéreau-Gayon and Stonestreet (1965) and expressed as malvidin-3-glucoside. Briefly, 1 g skin was macerated in 20 mL of 0.1 N HCl for 4 h at room temperature in the dark. The mixture was filtered through a 0.45 μm cellulose acetate filter (Advantec Toyo, Japan) and the OD 520 value was measured with a spectrometer (UV-1800). In addition, OD 420, OD 520, and OD 620 values were measured. Color intensity was calculated by adding OD 420, OD 520, and OD 620 values. The concentrations of cinnamic acids (caftaric and coutaric acids) were determined by reversed-phase HPLC (LC-10Avp, Shimadzu) using a previously described method with slight modification (Baranowski and Nagel, 1981; Herrick and Nagel, 1985) . The HPLC conditions were as follows: column, Capcell Pak C 18 (4.6 mm i. 
Statistical analysis
Data in figures are presented as the means ± standard deviations over a four-year period from 2004 to 2007. The significance of the difference of each grape characteristic among the vineyards was analyzed by analysis of variance (ANOVA) and Tukey's test using MINITAB 14 statistical software (Kozo Keikaku Engineering Inc., Japan). The correlation coefficients between the composition variables of grapes in each vineyard and weekly climatic conditions were determined by calculating the square root of r values using Excel software (Microsoft, USA), and the significance of the difference was determined by regression analysis. Principal component (PC) analysis was carried out using JMP 8.0.2 software (SAS Institute Inc., USA).
Results
Morphological characteristics of 'Koshu' grape clusters 'Koshu' grapes grown in Kofu, Katsunuma, and Nirasaki showed differences in fresh berry size, skin color, and the external appearance of clusters (Fig. 1B,  C, D) . The Kofu grape cluster was compact and had a large number of fresh berries compared to the grape clusters from Katsunuma and Nirasaki. The Nirasaki grape cluster was longer than the other two clusters. The Katsunuma grape cluster had the highest color intensity, total anthocyanin concentration, and TP concentration (Table 1) . Because the three vineyards have similar soil composition ratios (Table 2) , the results suggest that the different climatic conditions in the three regions might have affected the morphological characteristics of 'Koshu' grapes.
Climatic conditions in three grape-growing regions
Climatic data from May to October, 2004 to 2007, which corresponds to the grape development period in Yamanashi, are summarized in Tables 3-1 (May, June, and July) and 3-2 (August, September, and October), respectively. In the early growing period (May, June, and July) of the 'Koshu' grape, total solar radiation, average air temperature, and maximum air temperature were the highest in Kofu in all the years examined (Table 3- The average air temperature was highest in August in all the years examined and decreased gradually thereafter. Overall, total solar radiation and average maximum and minimum air temperatures were highest in Kofu among the three regions examined. The difference between average maximum and minimum air temperatures was largest in Katsunuma. Thus, the three regions showed unique climatic characteristics, except for rainfall, throughout the grape-growing period.
Difference in 'Koshu' grape compositions among three regions TA, TP, and coutaric acid concentrations of grapes grown in the three regions showed significant differences in early August regardless of the fact that grape flowering in the three regions starts similarly in late May. It seems that the climatic conditions in May, June, and July also influenced initial grape development in each grapegrowing region (Table 3 -1). Grape maturation progressed at different rates: Grapes grown in Kofu showed the fastest maturation while those grown in Nirasaki showed the slowest maturation. TA concentration and the pH value indicated that the maturity of grape berries grown in Nirasaki vineyard was delayed by a couple of weeks, and that of grapes grown in Katsunuma vineyard was delayed by one week compared with the Kofu vineyard (Fig. 2C, D) . In the advanced stage of grape development, TSS concentration in 'Koshu' grapes grown in Kofu was higher (P ≦ 0.05) than in grapes grown in the other two regions in the later part of the ripening period (Fig. 2B) . TP concentration in 'Koshu' grapes grown in Katsunuma was higher (P ≦ 0.05) than in grapes grown in the other two regions throughout the fruit maturation period (Fig. 2E) . Coutaric acid concentration in grapes grown in Katsunuma was higher (P ≦ 0.05) than in grapes grown in the other two regions in the earlier and later parts of the ripening period (Fig. 2H) . Caftaric acid concentration in grapes grown in Katsunuma also tended to be highest in the later part of the ripening period, although the difference was not significant (Fig. 2G) . pH was lower (P ≦ 0.05) and TA concentration was higher (P ≦ 0.05) in grapes grown in Nirasaki than in grapes grown in the other regions in the earlier part of the ripening period, but no differences were observed in both pH and TA concentration in the later part of the ripening period (Fig. 2C, D) . Fresh berry weight and YAN concentration in grapes grown in the three regions showed no differences (Figs. 2A, F) . TSS/TA ratios of 'Koshu' grapes from Kofu were higher (P ≦ 0.01) than those of grapes from the other two regions throughout the ripening period (Fig. 3) . PC analysis of the grape composition (berry weight, TSS, TA, and TP) in the three regions in August and September from 2004 to 2007 is shown in Figure 4 . PC 1 and PC 2 accounted for 64.4% and 25.0% of the variance (August), and 54.8% and 32.4% of the variance (September), respectively. The grape compositions of 'Koshu' in Kofu, Katsunuma, and Nirasaki were separated into the three groups based on the areas. 'Koshu' grapes in Kofu showed higher values of TSS, Nirasaki showed higher TA, and Katsunuma showed higher berry weight and TP in September.
Correlation coefficients between weekly climatic conditions and berry composition variables The correlation coefficients between berry composition variables of 'Koshu' grape and weekly climatic conditions in August, September, and October 2004 to 2007 are shown in Tables 4 to 6, respectively. In this study, August is defined as 10 to 13 WPF (from the end of July to the beginning of September), September is defined as 14 to 17 WPF (from the end of August to the beginning of October), and October is defined as 18 to 20 WPF (from the end of September to the middle of October). In addition, appropriate climatic data for each defined month are summarized in Table 3 -3, respectively. In August, significant correlations (P ≦ 0.01 or P ≦ 0.05) were observed between weekly solar radiation and pH, berry weight, TSS, YAN, TA, TP, and caftaric acid concentrations in Kofu (Table 4 ). In Katsunuma, significant correlations (P ≦ 0.01 or P ≦ 0.05) were also observed between weekly solar radiation and all the berry composition variables expect pH and YAN concentration. In Nirasaki, significant correlations at only P ≦ 0.05 were observed between weekly solar radiation and TSS, YAN, TA, and caftaric acid concentrations. Significant correlations between weekly solar radiation and grape composition variables were found in the vineyard that was located at a low elevation. Moreover, significant correlations (P ≦ 0.01 or P ≦ 0.05) were noted between rainfall and pH, berry weight, TSS, TA, caftaric acid, and coutaric acid concentrations in grapes grown in Katsunuma. In September, significant correlations (P ≦ 0.01 or P ≦ 0.05) were observed between weekly solar radiation and berry weight as well as YAN and TP concentrations in Kofu (Table 5 ). In grapes grown in Katsunuma and Nirasaki, correlations between climatic conditions and grape composition variables were hardly found. In October, weak correlations were found between each of the climatic conditions and grape composition variables in Katsunuma (Table 6 ), while no significant correlation was obtained in grapes grown in Kofu and Nirasaki. Numerous statistically significant correlations between climatic conditions and grape composition variables were recorded in August. Together, these results suggest that berry composition variables might be affected by climatic conditions near véraison. 
Correlation coefficients between seasonal climatic conditions and berry composition variables
The correlation coefficients between berry composition variables of 'Koshu' grape and seasonal climatic conditions (from 10 to 20 WPF) from 2004 to 2007 are shown in Table 7 . In Kofu, significant correlations were observed between total solar radiation and all the berry composition variables except coutaric acid concentration. In addition, significant correlations between average air temperature and all the berry composition variables except berry weight were also detected. In Katsunuma, significant correlations were observed between total solar radiation and all the berry composition variables except YAN concentration. In addition, significant correlations between average air temperature and all the berry composition variables were detected. In Nirasaki, considerable correlations were observed between average air temperature and all the berry composition variables except YAN concentration. In contrast, total rainfall showed no significant correlations with all the berry composition variables in all the regions. The vineyard with the lowest elevation showed the strongest positive correlation between total solar radiation and TSS concentration (Kofu, r = 0.922; Katsunuma, r = 0.838; Nirasaki, r = 0.729). On the other hand, the strongest negative correlation between TA concentration and solar radiation was observed in the vineyard with the lowest elevation (Kofu, r = −0.899; Katsunuma, r = −0.793; Nirasaki, r = −0.645). Furthermore, TP concentration in grapes grown in Katsunuma showed considerable correlation with total solar radiation (r = −0.779), average air temperature (r = −0.814), and the difference between average maximum and minimum air temperatures (r = −0.661). On the other hand, significant correlations between seasonal climatic conditions and the YAN value were lowest compared with other berry compositions of 'Koshu' in the three tested growing regions. This result suggests that YAN content in grape juice may be not affected by climatic conditions in growing regions.
Discussion
Grape ripeness criteria are affected by various factors, including geological characteristics, soil composition, and annual climatic conditions, as well as vine age, rootstock, and the selected clone (Seguin, 1986) . We have investigated the relationship between climatic conditions in different cultivation regions and 'Koshu' grape composition. The present study demonstrated that: (1) a large amount of solar radiation is suitable for producing 'Koshu' grapes with high TSS concentration, (2) a high average air temperature is also suitable for producing 'Koshu' grapes with high TSS concentration, (3) a large difference between average maximum and minimum air temperatures is suitable for producing 'Koshu' grapes with high TP concentration and color intensity, and (4) numerous 'Koshu' grape components may be affected by climatic conditions in August.
Because total solar radiation and average air z Total integrated amount of solar radiation. y Total integrated amount of rainfall.
x Average air temperature. w Difference between average maximum and minimum air temperatures. *, ** = significant at P ≦ 0.05 and ≦ 0.01, respectively. NS = not significant. n = 16. (Yokotsuka et al., 1994 (Yokotsuka et al., , 2005 . The fact that both TSS and TA concentrations in 'Koshu' grapes grown in the region with low elevation showed stronger correlations with total solar radiation than with average air temperature suggests that total solar radiation may affect the TSS or TA concentration of 'Koshu' grapes grown in a lowelevation region more strongly than the average air temperature, as is generally known (van Leeuwen et al., 2004) . Consequently, it was clarified that Kofu, which has low elevation, a large amount of solar radiation, and high air temperature, was suitable for producing 'Koshu' grapes with high sugar concentration. A positive correlation was reported between average air temperature and wine quality (Grifoni et al., 2006) . The fact that 'Koshu' wines made from grapes grown in Kofu have received high evaluations in wine competitions was supported by the present study. The TSS/TA ratios of grapes grown in Kofu suggested that the climatic conditions in Kofu accelerated the ripening of 'Koshu' grapes. All over the world, the harvest date is traditionally determined on the basis of the TSS/TA ratio of grapes at maturity (Coombe et al., 1980; Palacios et al., 1997; Van Rooyen et al., 1984) . For example, the TSS/TA ratio was assessed by using the average of the optimum values of must for top-quality wines obtained from a survey of prominent Jerez and South Australian winemakers (Coombe et al., 1980; Palacios et al., 1997) . The climatic conditions of short total integrated solar radiation and low air temperature seemed to be disadvantageous for producing 'Koshu' grapes with high sugar concentration although this was a suitable condition for obtaining 'Koshu' grapes with high acidity. Moreover, the weak correlations between weekly or seasonal climatic conditions and grape composition in Nirasaki suggested that the ripening of 'Koshu' grapes takes longer than in the other two regions. It has been reported that the expression of genes involved in anthocyanin biosynthesis in berry skin is affected by low berry temperature and shady conditions (Jeong et al., 2004; Kataoka et al., 1983; Yamane et al., 2006) . In fact, berry skins of Nirasaki grapes were not colored due to their inability to accumulate anthocyanin (Fig. 1D) ; therefore, climatic conditions similar to those in Nirasaki might be difficult for producing 'Koshu' grapes with high TSS concentration although this was a suitable condition for obtaining 'Koshu' grapes with low TP concentration. The climatic conditions in Katsunuma resulted in the highest anthocyanin concentration and color intensity in 'Koshu' grape skins and the highest TP concentration in juice among the regions tested throughout the cultivation period. In addition, TP concentrations in 'Koshu' grapes grown in Katsunuma showed stronger correlations with climatic conditions except rainfall than the other two regions (Table 7) .
These results suggest that the climatic conditions in Katsunuma, for example, low average air temperature and a large difference between average maximum and minimum air temperatures, are suitable for the accumulation of phenolic compounds in grapes. In general, phenolic compounds influence the astringency, bitterness, viscosity, and richness of wine. The climatic conditions in Katsunuma might be suitable for producing 'Koshu' wines with suitable complexity. At present, Katsunuma is one of the suitable regions for growing 'Koshu' grapes in Yamanashi, Japan.
In recent years, 'Koshu' grapevines in Japan have been exported to Europe, e.g., Rheingau, Germany. In the present study, we demonstrated that the climatic conditions in each grape-growing region affected 'Koshu' grape composition; however, bud number and other cultivation practices could not be perfectly equilibrated in the vineyards examined. For example, the production of flavonoid compounds, including anthocyanins, in grape skins might be affected by vine vigor (Cortell et al., 2005 (Cortell et al., , 2007 . Therefore, for the improvement of 'Koshu' grape and wine quality, it would be necessary in future experiments to accumulate microclimate data for each region for several years and to evaluate the relationship between 'Koshu' grape composition and microclimate conditions.
